In this work laminar, stratified flow boiling of water is simulated qualitatively by the coupled map lattice (CML) 
Introduction

What is CML?
A CML ͓1͔ is a dynamical system with discrete-time, discrete-space, and continuous states. It usually consists of dynamical elements on a lattice which interact ͑are "coupled"͒ with suitably chosen sets of other elements. The strategy of modeling dynamical phenomena in spatially extended systems by a CML model is based on the following steps:
Step 1. Choose a ͑set of͒ macroscopic variable͑s͒ on a lattice. A lattice is like a grid or a control volume.
Step 2. Decompose the processes underlying the phenomena into independent component ͑or "elements," not to be confused with finite elements͒, such as convection, diffusion, phase change, and so on. Each element is considered as a map.
Step 3. Replace each component ͑or element͒ by a simple parallel dynamics on a lattice. The "dynamics" in this case implies that the problem is to be solved as a transient phenomenon to start with. Thus, each map that is coupled with each other by an algebraic equation changes with time.
Step 4. Carry out each unit dynamics ͑or procedure͒ successively in each time step until steady state is reached, that is, when the macroscopic variable does not change with time in the computational domain. In the present problem, however, the results are shown only at time just before laminar-turbulent transition since only laminar flow boiling is simulated.
It may be noted that CFD ͑computational fluid dynamics͒ techniques can be used to solve a particular phenomenon, such as convection or diffusion in CML. Thus, CML is not entirely void of CFD. However, even in a two-phase flow, CFD is used to solve the problem of convection as if the flow is single phase, by incorporating void fraction weighted fluid property values ͑P eq = fP v + ͑1− f͒P l ͒, where P is a particular property, such as k, , c p , v, ␣.
The effect of phase change shows up in the phase-change map. The basic advantage of CML is that individual bubbles are not tracked, and yet the effects of bubbles in the flow are reflected qualitatively in the final solution.
1.2 Literature Review. Coupled map lattice ͑CML͒ has been recognized as a powerful tool of analysis to grasp the qualitative and fundamental nature of complex boiling phenomena and has been applied to many physical systems ͓2͔. The CML method is based on a dynamic system with continuous field variables but discrete space and time, in which local dynamics propagates in space by diffusion or flow and time is advanced by repeated mapping. From the study of nonlinear chaos dynamics, it is known that a complex physical system, such as boiling, is not always governed by a complex system of equations. The relevant papers in nonlinear chaos dynamics in this regard are by ͓3-7͔. However, applications to CML are not restricted to the problems in spatiotemporal chaos but include pattern formations, some solid-state problems, biological information processing, and engineering problems ͓1͔. Using the CML method, Yanagita ͓8͔ simulated the pool boiling phenomenon and succeeded in explaining the mode of transition from nucleate to film boiling. Shoji ͓5͔ corrected the deficiencies of the model of Yanagita ͓8͔ by including nucleation sites on the heater surface and the Taylor instability. The model was applied to saturated and transient pool boiling of water on a small heated surface at 1 atm pressure. Ghoshdastidar et al. ͓9͔ modified the basic theoretical model proposed by Shoji ͓5͔ in terms of nucleation superheat distribution and mixing. The stirring action of the bubbles was modeled by increasing the fluid thermal diffusivity by an enhancement factor. Gupta and Ghoshdastidar ͓10͔ significantly improved the prediction of CHF for the atmospheric saturated pool boiling of water with respect to the 2D CML model of Ghoshdastidar et al. ͓9͔ by developing a 3D CML model in which the 3D thermal diffusion equation was solved and a 2D distribution of nucleating cavity sizes was assumed.
Thus far, no studies showing CML simulation of flow boiling have been found in the open literature. The present work is a first attempt in this direction. In this work, stratified flow boiling of water in a horizontal tube whose wall is maintained at constant temperature that is greater than the saturation temperature of the liquid at the entrance pressure is simulated by CML. The liquid is entering the tube in a subcooled condition.
1.3 Objectives. The objectives of this study are to obtain mean heat transfer coefficient, mean wall heat flux, mean fluid temperature, and void fraction as a function of axial coordinate at the time just before of the laminar-turbulent transition for water, and also to carry out a parametric study based on variation of wall temperature, level of entry subcooling, and axial pressure gradient. tion ͑Fig. 1͒. The modeling by CML is based on the assumption that the flow boiling is governed by ͑i͒ nucleation from cavities on the heated surface and migration of vapor into the core, ͑ii͒ forced convection, and ͑iii͒ phase change in the fluid bulk and mixing. The macroscopic variable chosen is temperature. In this work, flow boiling is investigated in horizontal tube of 0.02 m diam and 9 m in length. The temperature distribution in the tube wall is ignored because it has a very high thermal conductivity and small thickness. The three-dimensional boiling field is approximated, and modeling is based on CML. No prior assumption regarding the chaotic nature of the boiling phenomena needs to be made.
Computational Domain and Lattices.
The computational domain in the r − plane is divided into 20ϫ 20 lattices as shown in Fig. 2 . A grid-independence test has been conducted to arrive at the choice of the number of lattices. Each lattice can contain either liquid or vapor but not a liquid-vapor mixture. There are 20 grid points in the radial direction, 20 grid points in the angular direction, and 10 grid points in the axial direction. The dots in Fig. 2 represent grid points, and the broken lines indicate the faces of lattices. Each lattice contains one grid point at its center. A typical lattice is shown by the shaded region in Fig. 2 . Grid points at the boundary are surrounded by half lattices, as shown in Fig. 2 . Another representative "half lattice" is depicted also adjacent to the "central lattice" in the computational domain.
Field Variable.
For simplicity, temperature is employed as the only one field variable. In addition, a flag function F i,j,k is used for the convenience of calculations to show the phase of each lattice. F i,j,k = 0 and 1 represent the lattice ͑i , j , k͒ in liquid and vapor phases, respectively.
Formulation of Dynamic Processes.
In the CML method, dynamic processes are usually formulated in mappings. In the present model, it is assumed that boiling is governed by the following physics and dynamics.
Modeling of Nucleation on the Heated Surface.
According to Wang and Dhir ͓11͔, nucleation cavities are distributed at random on the heated surface. Many cavities are distributed on each surface lattice, but if it is assumed that every cavity has a conical shape, a larger cavity yields lower nucleation superheat. Therefore, only the cavity of maximum size ͑in this case, D c as calculated from Eq. ͑2͒͒ is employed, since the active cavity of each surface lattice, which determines the local nucleation superheat, ⌬T act ͑Eq. ͑1͒͒, is required for bubble nucleation. The term ␤R is added to D m to create randomness among the size of the large cavities. The nucleation superheat is given by
where D c is the diameter of the largest nucleation cavity on a surface lattice. To calculate D c , the following formula is used:
where D c ͑m , j , k͒ represents the diameter of the largest nucleating cavity on the lattice ͑m , j , k͒, D m is the minimum diameter of nucleating cavities on a heater surface lattice ␤, which is assigned a value of 0.99, indicates the maximum deviation from D m and has same unit as D c and D m , i.e., micrometer, and R is a random number between 0 and 1 assigned at the jth surface lattice. Although the number of grid points in the circumferential direction is taken as 20 in the present study, it may be varied. A total of 1020 random numbers is generated using a NAG ͑numerical algorithm group͒ library random number generator subroutine. Every fiftieth random number of the set is employed at each surface lattice starting from the first. The minimum cavity diameter is arbitrarily taken as 1 m. It is assumed that sites smaller than 1 m do not exist on this particular heater surface. Thus, the maximum diameter of the nucleating cavities on a heater surface lattice becomes 1.99 m as calculated from Eq. ͑2͒ when the random number takes on a value of 1. Thus, using Eqs. ͑1͒ and ͑2͒, the nucleation superheat distribution on the heated surface is calculated.
Modeling of Migration of Vapor.
Two cases are considered, namely, when nucleation is not suppressed ͑case I͒ and when nucleation is suppressed ͑case II͒. Case I refers to subcooled and near-saturated nucleate boiling. Case II refers to convective boiling. In Case I ͑T sat − T mean Ͼ 0°C͒, there are two subregimes: ͑i͒ when T sat − T mean Ͼ 15°C ͑subcooled nucleate boiling͒ and ͑ii͒ when T sat − T mean Ͻ 15°C ͑near-saturated nucleate boiling͒. In subregime ͑i͒, the vapor generated due to nucleation stays near the wall and the large portion of the core is still subcooled, and hence, i is set at 18 ͑i at the wall being 20͒, whereas in subregime ͑ii͒, the mean temperature is nearing saturation and more vapor has formed and smaller portion of the core is still subcooled, and hence, i is set at 10. Note that i = 1 at the center. The choice of the value of 15 is arbitrary in this case. Basically, this value should not be high as when T sat − T mean is less than this quantity, it indicates a near-saturation condition of the fluid. In case II, that is, some distance down the tube, mean temperature exceeds the saturation temperature and "boiling" is replaced by evaporation. The convective heat transfer coefficient increases with increasing void fraction, and bubble nucleation at the wall is suppressed. Since the flow is taking place in a horizontal tube, stratified flow boiling occurs since the axial velocity is not too great. Thus, under the influence of gravity, the liquid predominantly collects at the bottom of the tube, while the top of the tube is barely or not wet. In the present case, Froude number ͑Fr͒ is Ͻ0.04 ͓12͔ and hence, modeling based on stratified flow boiling is justified. This situa- Transactions of the ASME tion is shown in case II. j3 is grid point index at = 180 deg ͑see Fig. 2͒ . Basically, the modeling of case II shows that vapor formed at the bottom half of the tube wall does not migrate to the core while the upper half of the tube is nearly full of vapor, and hence, i is set at 2. Case I: ͑Nucleation not Suppressed͒. If at a particular axial location ͑k͒ 
͑6͒
Each axial segment of the tube is 1 m, and thus, the assumption of the locally fully developed nature of the flow is justified. Void fraction is assumed to be constant in each axial segment. Actually, the mass conservation is already used in obtaining Eq. ͑6͒. In the present model, the flow is assumed to be incompressible based on the fact that it is a low-speed flow ͑Mach number is Ͻ0.3͒. Furthermore, although the actual flow is two phase, governing equations for single phase have been used by incorporating void fraction-weighted property values. However, the effect of change of density of the mixture due to generation of vapor is included in the momentum and energy equations applicable to each axial segment of the tube.
In Eq. ͑6͒, ‫ץ‬p / ‫ץ‬z is assumed to be a known quantity with p decreasing linearly with z.
In addition, the following periodic boundary conditions are valid.
The energy equation is
Also, the following periodic boundary conditions apply:
The momentum and energy equations are solved by the explicit finite difference method. ⌬z =1 m, ⌬r = 5.26ϫ 10 −4 m, and ⌬ = 18 deg= 0.35415 rad. ⌬t =10 −5 s is used to ensure stability.
Validation of Results.
Since no experimental results are available for the transient laminar, stratified flow boiling in a horizontal tube, the present numerical solution has been validated with the analytical solutions for two limiting cases, such as ͑i͒ transient, laminar hydrodynamically fully developed flow and ͑ii͒ transient, laminar hydrodynamically fully developed but thermally developing flow of water through a circular tube ͓14͔.
Phase Change and Effects of Bubble Motion.
Equations ͑19͒ and ͑20͒ are based on the principle that if a liquid lattice evaporates, then it will receive the latent heat of vaporization from the neighboring lattices and, hence, the surrounding lattice temperatures will decrease by a small quantity . On the other hand, if a vapor lattice condenses, then it will release the latent heat of condensation and, hence, the temperature of the neighboring lattices will increase by the same amount, . This phase change process is formulated as follows ͓5͔:
The subscript ͑i , j , k͒ represents the nearest-neighboring four lattices and T c͑i,j͒ is the phase-change temperature, which is determined according to the phase-change criteria given below. In Eqs.
͑19͒ and ͑20͒, is a parameter related to the enthalpy of vaporization and is in degrees Celsius. The aforesaid equations also represent the mixing effect of bulk liquid due to bubble motion.
Phase change criteria.
The value of T c͑i,j,k͒ for the liquid lattice adjacent to the wall is nucleation superheat. The value for liquid lattices in the bulk is assumed to be the homogeneous nucleation temperature of the liquid, but for liquid lattice, neighboring the vapor lattice is the saturation temperature of the liquid.
Method of Solution
3.1 Solution Methodology. In this section, the method of solution by CML and the overall solution algorithm are presented.
Time Advancement.
Time is advanced by repeating a set of mapping the dynamic processes ͑Secs. 2.4.2-2.4.4͒ in such a manner that
͑21͒
The superscripts p and p + 1 indicate the present and future time values of the temperature, respectively.
Parameter Values.
In the CML method, the parameter values are determined so as to reproduce the phenomena satisfactorily. In the present computations, the parameter is , whose value is taken as 0.01. It has been found that stability of the solution is affected by . Higher values of result in an unstable solution.
Calculation of Void Fraction.
The void fraction is calculated at any given time and at a given axial location by locating the lattices having a flag function value of 1 ͑that is, vapor͒. It may be noted that a lattice can contain either vapor or liquid but not a liquid-vapor mixture. Thus, by summing the area of each lattice containing vapor, the total area in the circular cross section having vapor can be obtained. This area divided by the area of the circle gives the void fraction at a z location.
Overall Solution Algorithm.
The basic solution methodology is briefly as follows. To start with, a random distribution of nucleating cavity sizes are specified on each axial wall segment. Thus, on each wall segment an activation superheat distribution is obtained. The iteration loop begins with the transient single-phase forced convection problem, which is solved by CFD techniques. Thus, at the end of the time step ⌬t, the new axial velocity and temperature are obtained. Then, the temperature at each wallsegment grid point is checked to see whether it is more than the nucleation temperature. If it is, then bubble formation takes place in that surface lattice and vapor bubbles migrate to the core of the liquid. Each fluid lattice is then checked to see which one contains vapor and which has liquid. The phase-change temperature for liquid lattices in the bulk is assumed to be homogeneous nucleation temperature of the liquid, but for a liquid lattice neighboring a vapor lattice, it is the saturation temperature of the liquid. At this stage, the temperature of each fluid lattice is updated based on the fact that a vaporizing lattice will result in decrease of its neighboring lattice temperatures while the condensing lattice will result in the increase of its neighboring lattice temperature by a small amount, say . The phase state of each fluid lattice is checked again. Then the void fraction at each axial location is calculated. Now it is checked whether Reynolds number ͑= eq v m D / eq ͒ has exceeded 2000. If not, then momentum and thermal diffusivities are increased by an enhancement factor of 1.2 to take into account mixing due to bubble stirring action, equivalent property values of the two-phase mixture based on current void fraction are calculated, and the procedure is repeated till Reynolds number reaches the critical value of 2000. At this time mean fluid temperature ͑T mean ͒, which is the integrated average of the temperature in the r − plane, heat transfer coefficient ͑h mean ͒, and wall heat flux ͑q mean Љ ͒ are computed at each axial location.
Results and Discussion
Introductory Remarks.
The results are presented for flow boiling of water. It may be noted that pressure changes along the axial direction and, as a result, the saturation temperature ͑T sat ͒ and thermophysical properties of the liquid and vapor also vary. T sat and property variations with respect to pressure have been represented in the form of best-fit equations for convenience in computer implementation. The source of data for water is EES ͓13͔. The Reynolds number of the flow is Ͻ2000 to ensure laminar flow. The time step is taken as 10 −5 s. The explicit finite difference method is used to solve the transient forced convection problem. The CPU time required for executing this CML simulation on SUN enterprise 10,000 computer system of IIT Kanpur is ϳ3 h for a typical run ͑Fig. 3͒. The results are presented at t = 7.3 s for the input data of Fig. 3 , because it is seen that after this time the flow turns into a turbulent state. Thus, truly speaking, a steady-state solution would be obtained after the flow reached the turbulent state.
Results.
The results are presented for the entrance pressure of 25 bar, level of entry subcooling of 30°C, axial pressure gradient of −1.5 N / m 3 and wall temperature of 230°C. It is observed that the mean heat transfer coefficient undergoes an initial steep drop from a large value followed by a slow decrease, until at z = 5 m, it encounters a sharp fall again and then slowly decreases until the exit of the tube. The sharp drop at z = 5 m can be explained by the sudden rise of the void fraction at that location, and hence, the thermal conductivity of the liquid-vapor mixture decreases because of higher vapor content. The mean wall heat flux at z =5 m is ϳ13 kW/ m 2 ͑Fig. 3͒.
Parametric Study.
The parameters varied are wall temperature, level of entry subcooling, and axial pressure gradient ͑in other words, the mass flow rate, whose value is not explicitly given because the results presented are not for the steady state͒. The main observations from the parametric study are as follows: ͑i͒ Changing the wall temperature does not affect the mean heat transfer coefficient in the inlet section ͑up to z =1 m͒, but in the subsequent portion of the tube, the mean heat transfer coefficient slightly increases with increase of the wall temperature ͑Fig. 4͒. The void fraction, however, remains invariant with the change of wall temperature throughout the tube length. This may be explained as follows. As long as the wall temperature is greater than the nucleation activation temperature distribution specified on each axial wall segment, the vapor nucleation will have the same pattern ͑see Sec. 2.4.1͒. Since the vapor migration pattern is determined by whether T sat − T mean ѥ 0 and T sat − T mean ѥ 15°C, even Transactions of the ASME though T mean is changing due to change of wall temperature, the phase state of the lattices will be unaffected as long as the phasechange pattern in the fluid bulk remains same ͑Sec. 2.4.1.1͒. It appears that this is the case in the present problem. Hence, the axial void fraction distribution remains unchanged with the wall temperature variation from 230°C to 300°C and, since heat transfer coefficient is a strong function of void fraction, the former also does not change significantly. ͑ii͒ The decrease in the level of entry subcooling lowers the mean heat transfer coefficient near the tube entrance and also influences the mean heat transfer coefficient in the latter part of the tube. Furthermore, void fraction is high near the tube entrance for low ⌬T sub , whereas the maximum void fraction is same for all ⌬T sub ͑Fig. 5͒. The maximum void fraction has not reached the value of 1 at the tube exit because the present computations correspond to the time at which laminarturbulent flow transition has occurred and steady state has not yet been reached. ͑iii͒ The mean heat transfer coefficient is virtually independent of mass flow rate ͑arising out of higher axial pressure gradient͒ in the initial section of the tube, where the nucleate boiling effect is dominant. On the other hand, in the latter part of the tube, where convective vaporization is significant, the mean heat transfer coefficient increases with an increase in mass flow rate for some distance due to higher vapor velocity, but decreases in the latter part of the tube as more vapor forms and lower conductivity of the mixture nullifies the effect of high vapor velocity. The relevant plot is shown in Fig. 6 .
Conclusions
In conclusion, it may be said that a complex phenomenon, such as flow boiling, has been qualitatively simulated by a simple CML model. The results show computations for stratified flow boiling until laminar-turbulent transition. The main observations from the results are the following: ͑i͒ The wall temperature does not affect the mean heat transfer coefficient in the inlet section of the tube. However, in the subsequent portion of the tube a slight increase of heat transfer coefficient with wall temperature is observed. The axial void fraction distribution remains unaffected with the change of wall temperature. ͑ii͒ The decrease in entry subcooling lowers the mean heat transfer coefficient near the tube entrance and also influences the heat transfer coefficient in the latter part of the tube. Furthermore, void fraction is high near the tube entrance for low entry subcooling, whereas exit void fraction is the same for all levels of entry subcooling. ͑iii͒ The mean heat transfer coefficient is virtually independent of mass flow rate in the initial section of the tube where the nucleate boiling effect is dominant. On the other hand, in the latter part of the tube where the convective vaporization is significant, the mean heat transfer coefficient increases with an increase in mass flow rate for some distance and then falls in the latter part of the tube.
The present analysis can be extended to model turbulent flow boiling in which case steady-state mean fluid temperature, mean heat transfer coefficient, mean wall heat flux, and void fraction can be predicted. 
